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gram, Project  4A6G4717D895  "Military  Construction  Systems  Development;” 
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Stabilized  Layers.”  The  work  was  performed  by  the  Construction  Materials 
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neering, University  of  Illinois,  Urbana-Champaign  Campus,  served  as  project 
consultant.  Appreciation  is  expressed  to  Mr.  E.A.  Lotz,  former  Chief  of  MS, 
for  his  assistance  and  contributions  to  the  successful  performance  of  this 
investigation. 
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LOAD-DEFLECTiON  BEHAViOR  OF 
LIME-STABILIZED  LAYERS 


1 INTRODUCTION 


Background.  Lime-stabilized  soils  have  been 
used  successfully  in  recent,  years  as  paving  ma- 
terials for  both  military  and  civilian  construc- 
tion. Extensive  laboratory  and  field  studies 
concerning  the  properties  of  soil-lime  mixtures 
and  the  field  performance  of  pavements  con- 
taining soil-lime  layers  have  demonstrated  that, 
soil-lime  layers  can  be  effective  in  pavement 
systems.  Thompson  has  considered  the  general 
use  of  lime-treated  soils  in  pavement  construc- 
tion and  has  advanced  some  tentative  concepts 
for  evaluating  the  structural  behavior  of  soil- 
lime  pavement  layers.1 


Even  though  soil-lime  mixture  properties 
have  been  studied  in  detail-''1  and  soil-lime  lay- 
ers have  been  extensively  used  in  pavement 
construction,  Rice’s  statement  fairly  well  sum- 
marizes present  capabilities: 


Data  and  analysis  arc  lacking  to  determine  the 
actual  .structural  benefits  imparled  to  a pavement 
structure  by  the  incorporation  oi  it  stabilized  layer 
in  the  pavement  structure.1 


It  is  significant  to  note  that  in  Vietnam  the 
U.S.  Army  Engineer  troop  units  and  Lie  con- 
struction contractors  built  many  miles  of  Line 
of  Communication  iLOC’l  roads  and  other  con- 
struction which  contained  soil-lime  layers.  At 
that  time  no  established  procedures  were  avail 
able  for  adequately  considering  the  structural 
benefits  of  soil-lime  pavement  layers.  The  U.S. 
Army's  interest  in  using  soil-lime  mixtures  in 
pavement  construction  is  evidenced  by  studies 
at  the  Construction  Engineering  Research  Lab- 
oratory (CERLl  and  the  Waterways  Experi- 
ment Station  (WES). 


'M.  K.  Thompson.  "I.imr  -Treated  Soils  for  Pavement 
(,'olistniction."  Journal  of  lln  llii/lnaiii  llirixinn.  ASCK. 
Vol  ill.  No.  1 ! W2  I itmsi. 

M.  It.  Thompson.  "Knginrerinjr  Properties  of  Lime  Soil 
Mixtures."  J mi  mill  nf  Mtihrials.  Vol  I.  No.  ■!  (American 
Society  for  Testing  and  Materials.  I'.n>!li. 

.V! . I{.  Thompson.  ShairSIr run  lb  ini'l  hllnslic  I'nipri  I irx 
nf  Linir-Snil  Mijrliin  n.  Record  N'o.  Rill  (Highway  Research 
Hoard.  IDliti). 

‘.I.  I..  Rice.  Shihili;iilinn  fnr  I’arrmr  lx.  Technical  Re- 
port S-l l/ADTlhllMR  iConstrnclion  Kngineering  Research 
l.alioratory  | CHRL |,  lllTSi 


Rice’s  CERL  study  indicated  that  lime  sta- 
bilization appears  "to  increase  the  bearing 
capacity  of  the  subgrade"  for  rigid  pavements 
and  that  the  soil-lime  layers  in  the  flexible 
pavements  were  approximately  equivalent  lo 
high-quality,  crushed  stone/’  It  is  important  to 
note  that  the  CERL  investigation  was  a "model 
study”  and  the  stabilized  layers  wore  quite 
thin:  .‘1-in.  maximum  with  a minimum  of  1/2  in. 


The  WES  Multiple  Wheel  Heavy  Gear  Loud 
(MWHGL1  study11  of  stabilized  layers,  done  by 
Grau,  included  a full  scale  lime-stabilized  section 
( ti-in.  asphalt  concrete  surface,  ti-in.  crushed 
stone,  and  a 15-in.  soil-lime  subbase).  Based  on 
the  study,  Grau  concluded  iiir.1  • 


1.  Using  stabilized  structural  layers  in  flex- 
ible pavement  is  highly  recommended, 

2.  The  performance  of  the  lime-stabilized  sub 
base  material  was  as  good  as  that  of  simi- 
lar pavements  constructed  of  unbound 
granular  base  and  subbase  mutei  to  Is  when 
it  was  tested  in  the  MWHGL  test  section 
at  WES,  and  traffic-tested  with  a 3(i()-kip, 
12-wheel  assembly. 


The  Air  Force  Weapons  Laboratory  ( AFWLi 
also  sponsored  a recent  WES  study  entitled 
"An  Investigation  of  the  Structural  Properties 
of  Stabilized  Layers  in  Flexible  Pavement  Sys- 
tems.1’7 However.  Grau’s  study  at  WES  was  the 
only  one  that  included  soil-lime. 


Although  substantial  research  has  been 
directed  to  the  problem  of  evaluating  the  struc- 
tural properties  of  stabilized  layers,  only 
a limited  effort  has  been  specifically  related  to 
soil-lime  layers  An  in-depth  study  of  the  struc- 
tural behavior  of  soil-lime  pavement  layers  is 
therefore  justified. 


M.  L.  Rice.  Slnhilhiilimi  /■>>■  l,tiri,>irittx. 

“R.  \V.  (Iran.  Enilniiliiin  iifSlniiinit.i  i.iii/rrx  in  Flrxihl 
I'ii  r<  men  lx,  .Miscellaneous  Paper  S-7R-2U  (IJij.  Army  Water- 
ways Experiment  Station,  1!I7.'!I. 

T\V.  R.  Barker,  W.  N.  Hraliston.  and  F.  (’.  Townsend.  .-1  n 
I n rest it/tilimi  nf  Ihr  Slnirliirnl  /Yn/i<vOV.\-  nf  StohHhnl 
l.aiirrs  in  Flrtihlr  I’limm-nl  Cnnstrin'lioii.  Teelinicnl  He 
port  AFWL-TR-7.1-21  (Air  Force  Weapons  l.alioratory. 
llloil. 
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Study  Objective.  Based  on  an  awareness  of 
the  current,  limited  capabilities  for  evaluating 
the  structural  response  of  soil-lime  pavement 
layers  and  the  present  status  of  soil-lime  mix- 
ture technology,  a research  study  was  devel- 
oped with  the  following  general  objectives: 


1. To  study  the  load-deflection  behavior  of 
typical  soil-lime  pavements 

2.  To  evaluate  the  effect  of  pertinent  factors 
such  ns:  mixture  strength,  subgrade  sup- 
port, layer  thickness,  and  type  of  loading 
on  the  load-deflection  response 

8.  To  establish  the  effectiveness  of  various 
pavement-behavior  theories  in  predicting 
load-deflection  behavior  for  soil-lime 


layers. 


Approach.  The  response  data  available  at  pres- 
ent are  insufficient  for  objectively  evaluating 
the  behavior  of  soil-lime  pavement  layers  and 
the  factors  which  influence  that  behavior  (mix- 
ture properties,  layer  thickness,  subgrade  sup- 
port, static  vs  dynamic  loading  etc.).  To  achieve 
maximum  benefits  from  this  investigation,  a 
simple  pavement  system  (a  soil-lime  layer  over 
a soil  subgrade)  was  constructed  in  a laboratory 
test  bin.  The  advantages  of  test  bin  construction 
were  that  it  could  be  more  accurately  controlled 
than  field  operations,  would  minimize  important 
environmental  effects,  and  would  permit  the 
use  of  ophisticated  and  carefully  controlled 
static  and  dynamic-loading  apparatus  and  other 
instrumentation. 


The  investigation  emphasized  pavement  re- 
sponse, rather  than  pavement  performance 
under  traffic  loading.  An  important  initial  ac- 
complishment was  an  understanding  of  the  fac- 
tors and  parameters  that  influence  pavement 
response;  however,  subsequent  studies  should 
be  directed  toward  relating  pavement  response 
to  pavement  performance  under  traffic. 


Study  Description.  The  study  was  designed  to 
include  a range  of  parameters;  the  most  signif- 
icant parameters  relative  to  soil-lime  pavement 
load-deflection  behavior  were;  layer  thickness, 
mix!  ure  strength,  type  of  loading,  and  subgrade 
support.  Limitations  imposed  by  loading  capa- 
bilities, time,  and  test-bin  size  were  considered 
in  establishing  the  range  of  parameters. 


Mixture  Slrenqth.  When  reactive  soils  are 
treated  with  lime,  assuming  adequate  curing 
conditions  of  temperature  and  moisture  prevail, 
the  compacted  soil-lime  mixture  develops  in- 
creased strength  as  curing  progresses.  Thus,  it 
is  possible  to  study  mixture-strength  effects  by 
varying  curing  time  prior  to  testing-.  Curing 
times  of  2,  14,  28,  and  5(i  days  were  selected 
for  this  study. 


Subqnidc  Support.  To  cover  a range  of  typ- 
ical conditions,  both  a weak  and  a stiff  subgrade 
were  used.  Target  values  for  the  moduli  of  sub- 
grade  reaction  were  ij(.)  psi/in.  for  the  soft  grade 
and  450  psi/in.  for  the  stiff  grade.  Most  soil- 
lime  pavements  are  constructed  in  fine-grained 
subgrade  areas;  thus,  k values  in  excess  of  450 
psi/in.  are  unlikely  to  he  encountered  in 
practice. 


Thickness  of  Stabilised  Layers.  A wide  range 
of  constructed  thicknesses  can  be  aci  ieved  with 
various  types  of  soil  stabilization  equipment. 
Although  deep-layer  stabilization  procedures 
may  be  used  to  process  up  to  24  in.  in  one 
operation,"  soil  lime  layer  thicknesses  normally 
are  li,  0,  and  12  in.  Tin  thicknesses  used  in 
this  study  were  0.  0,  and  12  in. 


Type  <>/  Lmtdinq.  Many  past  studies  have 
demonstrated  that  loading  rates  substantially 
affect  pavement  response.  The  availability  of  an 
MTS  closed-loop  testing  system  allowed  applica- 
tion of  both  static  and  dynamic  loads  to  the  test 
section  pavements.  A 12-in.  diameter,  plate- 
loading  device  was  us  >d  in  the  test  program. 
(Note:  For  conditions  d a 9,000  lb  wheel  load 
and  an  od  psi  contact  pressure  over  ■;  circular 
contact  area,  the  diameter  of  the  loaded  area  is 
12  in.) 


Table  I summarizes  the  sections  included  in 
the  laboratory  testing  program. 


"M.  It.  Tliomp.'-nn . "Prep  Plow  l.iint'  Stuliilizal ion  for 
I’avemiMU  Con.-arMcpnn,"  Tiviisimrliilifii  ><r- 

mil,  ASt'K,  Vol  !i.s,  N’n.  TI  ’.C  i p.lTJi. 
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Tublc  I 

Test  Section  I)atu 


Section  Number  Soil-Lime  Subgradc  Support 
, Thickness,  in.  (k),  psi/in. 


MATERIALS 


Soil.  G oose  Lake  Clay  (GLC),  a commercial 
day  distributed  by  the  A.P.  Green  Refractories 
Co.  of  Morris,  IL,  was  used  in  the  test  bin  as 
the  suhgrade  soil  and  also  for  soil-lime  mixture 
preparation.  Table  2 summarizes  pertinent  en- 
gineering properties  of  GLC.  The  moisture- 
density  relation  CE551’  for  GLC  is  shown  in 
Figure  1.  The  principal  day  mineral  in  GLC  is 
kaolinite  with  some  illite  and  quartz.  GLC  was 
selected  because  it  is  processed  and  uniform  in 
properties,  it  will  react  with  hydrated  lime  to 
achieve  substantial  strength  increase,  and  it  is 
similar  to  many  soils  that  would  be  considered 
for  lime  stabilization. 


Lime.  A monohydrated,  dolomitie  lime,  pro- 
duced by  the  Marblehead  Lime  Co.  of  Thornton. 
IL,  was  used  in  the  preparation  of  the  soil- 
lime  mixtures.  The  lime  meets  the  specification 
requirements  of  ASTM  C-207,  Type  N.  Approx- 
imately 85  percent  of  the  lime  will  pass  the 
No.  325  sieve. 


Soil-Lime  Mixtures.  Preliminary  studies  indi- 
cated that  n 4 percent  (based  on  dry  weight  of 
soil)  lime  treatment  produced  optimum  com- 
pressive strength  response  for  curing  periods 
(at  78° F)  up  to  5(1  days— the  maximum  curing 
period  planned  for  the  test  series.  The  com- 
pressive and  flexural  strength  and  stiffness 
properties  of  the  soil-lime  mixture  (cured  for  2, 
7,  14,  28,  and  56  days)  were  tested  under  both 
static  and  dynamic  loadings. 
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Table  2 

Properties  of  (loose  I.ake  Clay 


Atterberg  Limits 
Liquid  Limit,  % - 30 
Plastic  Limit.  % - 1(1 
• Plasticity  Index,  % - 14 


Specific  Gravity  - 2.71 


Moisture-Density  Characteristics 
Yd  max.,  pef  - 124.8 
Optimum  moisture  content,  % - 11.0 


Grain  Size  Distribution 

% passing  No.  200  sieve  - 87 
% <2p  - 2(5 


Classification 
Unified -CL 
AASIIO  - A-(illl) 


TheCE  moisture-density  relations  for  4 per- 
cent lime-treated  GLC  are  shown  in  Figure  1. 
The  maximum  dry  density  is  122  pcf  and  the 
optimum  moisture  content  is  12.2  percent. 


Compressive  Strength  and  Stiffness.  A se- 
ries of  Harvard  miniature-sized  specimens 
(1.3125  in.  diameter  x 2.816  in.  length)  were 
prepared  with  a drop-hammer  compactor.  The 
4 percent  soil-lime  mixture  was  prepared  at  an 
optimum  moisture  content  of  approximately 
12.2  percent  and  compacted  to  approximately 
93-95  percent  of  maximum  dry  density. 


For  each  series,  seven  specimens  were  cured 
in  sealed  ontainers  at  73° F for  2,  7,  14,  28. 
and  56  days. 


Static  Tcatiiif/.  Following  the  designated 
curing  period,  four  of  the  specimens  were 
loaded  to  failure  at  a constant  loading  rate  of 
100  lh/min.  Axial  and  radial  deformations  were 
measured  continuously  during  loading.  The  sta- 
tic modulus  of  elasticity  was  calculated  as  the 
secant  modulus  at  a stress  level  of  72  percent 
of  the  ultimate  strength  as  recommended  by 
Thompson."'  Poisson's  ratio  values  were  calcu- 
lated at  various  stress  levels  by  dividing  the 
diametral  strain  by  the  axial  strain. - 


'"M.  K.  Thompson.  Shan  Stmujlli  unit  Klimt  ie 
cities  nf  I. inn  Suit  Mixtures.  Record  No.  139  (Highway 
Rosea  roll  Hoard.  liHilil, 
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Static  compressive  stress-strain  curves  and 
relations  between  stress  level  and  Poisson’s 
ratio  are  shown  in  Figures  2 and  8,  respectively. 
Pertinent  data  are  summarized  in  Table  3. 

DjjHainic  Tcxlint/.  Dynamic  compressive  test- 
ing was  limited  to  determining  the  resilient 
modulus  and  resilient  Poisson’s  ratio  of  three 
specimens  subjected  to  various  repeated  stress 
levels.  In  general,  the  repeated  stress  levels 
were  approximately  25,  50,  and  75  percent  of 
the  static  unconfined,  compressive  strength  of 
the  soil-lime  mixture.  One  specimen  was  tested 
at  each  of  the  three  stress  levels.  The  repeated 
stress  sequence  was  500  applications  of  a 40 
msec  triangular  stress  pulse  applied  at  a fre- 
quency of  20  cycles/ min.  Axial  and  radial  tie- 
formations  were  monitored,  throughout  the 
repeated  loading  period. 

Resilient  moduli  (repeated  axial  stress/re- 
coverable axial  strain)  and  resilient  Poisson’s 
ratio  values  (recoverable  radial  strain/ re- 
coverable axial  strain)  were  calculated  from  the 
test  data.  The  number  of  load  applications  (up 
to  the  500  cycles  applied)  had  no  effect  on  the 
resilient  moduli  or  resilient  Poisson’s  ratio  val- 
ues: thus,  the  dynamic-response  data  sum- 
marized in  Table  4 are  for  250-load  applications. 


Flexural  Strength  and  Flexural  Moduli. 

Flexural -strength  properties  of  the  cured  soil- 
lime  mixtures  were  evaluated  using  2x2x7 
in.  beams  subjected  to  third  point  (2  in.  - 2 in.  - 
2 in.)  static  and  dynamic  loading.  The  soil-lime 
beams  were  compacted  in  three  equal  layers 
with  a full-face  drop-hammer  compactor.  The 
mixtures  were  compacted  at  an  approximately 
optimum  moisture  content  of  12.2  percent  to  a 
dry  density  of  approximately  112  pcf  (92  per- 
cent of  GE55). 

The  seven  beams  prepared  for  each  series 
were  cured  at  73°  F in  sealed  containers  for 
periods  of  2,  7,  14,  28,  and  5ti  days.  At  the  end 
of  the  curing  period,  SR-4  strain  gages  were 
cemented  to  the  top  and  bottom  of  the  spec- 
imens in  the  middle-third  portion. 

Four  of  the  beams  were  tested  under  static 
loading  conditions  at  a constant  loading  rato  of 
25  lb/min.  The  strain  gages  were  monitored 
continuously  during  loading.  Load  and  strain 
data  were  used  to  develop  moment-curvature 
relations  from  which  flexural  moduli  were  cal- 
culated The  static  loading  data  are  summarized 
in  Table  5:  modulus  of  rupture  values,  flexural 
moduli  calculated  for  a stress  level  equal  to  50 
percent  of  the  modulus  of  rupture,  and  tensile 
strains  at  failure. 


Table  li 

Compressive  Strength  and  Modulus  of  elasticity 
Properties  of  Cured  Soil-Lime  Mixtures 


•ing  Period, 

Compressive  Strength. 

Secant  Modulus, 

days  (ill 

psi  (1)1 

of  Elasticity,  psi  (c) 

•> 

125 

It),  100 

7 

Kid 

25.000 

11 

18!) 

27.200 

28 

21! 

:!2.l>00 

fit; 

2li2 

-15.000 

(a)  Curing  temperature  of  approximately  70  1 !•' . 
ibl  Average  of  four  speeimens. 

tel  Calculated  at  a sire:  s level  of  approximately  72%  of  ultimate  strength. 
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Tuble  4 


Compressive  Resilient  Moduli  und  Poisson’s  Rutio 
Properties  of  Cured  Soil-Lime  Mixtures 


Curing  Period, 

Stress  Level 

% of  Ultimate 

Resilient 

Modulus, 

Resilient 

Poisson’s 

days  (a) 

psi 

Strength 

ksi 

Rutio 

2 

:i(i 

27 

00 

0.22 

07 

51 

125 

0.71 

09 

70 

100 

1.08 

7 

41 

20 

80 

0.10 

81 

51 

71 

0.20 

117 

78 

55 

0.00 

M 

•17 

25 

100 

0.19 

0:1 

40 

100 

0.27 

CIO 

74 

85 

0.00 

28 

05 

27 

02 

0.11 

180 

54 

02 

0.21 

178 

78 

09 

0.11 

5(1 

05 

25 

114 

0.14 

148 

55 

117 

0.24 

204 

78 

100 

0.40 

Notes: 

(a)  Curing  temperature  of  iipproxinuitel.v  70°  F. 


Tuble  5 


Static  Flexural  Strength.  Flexural  Moduli,  and 
Tensile  Failure  Strum  Data  for  Cured  Soil-Lime  Mixtures 


Curing  Period, 
days  (a| 


Modulus  of 
Rupture,  psi  (li) 


Flexural 
Modulus,  ksi  (c) 


Tensile  c 
at  Failure, 
Mierostruin 


Notes: 

tii I Curing  temperature  of  approximately  7.‘I°F. 

(b)  Average  of  four  specimens. 

Ic)  Modulus  ealeuliited  at  u stress  level  of  approximately  50  percent  of  the  modulus 
of  rupture. 
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Dynamic  testing  was  used  to  evaluate  a dy- 
namic flexural  modulus.  The  repeated  flexural- 
stress  levels  were  approximately  25,  50,  and  75 
percent  of  the  static  modulus  of  rupture.  One 
specimen  was  tested  at  each  of  the  three  stress 
levels  under  a repeated  loading  sequence  of  500 
applications  of  a 40  msec,  triangular  pulse  ap- 
plied at  a frequency  of  20  cycles/min.  The  SR-4 
strain  gages  were  monitored  continuously  (lur- 
ing the  test.  Dynamic  flexural  moduli  wen- 
calculated  using  the  same  procedures  employed 
for  the  static  test  data.  Since  the  number  of 
cycles  did  not  affect  the  dynamic  flexural  re- 
sponse (up  to  500  stress  applications  consid- 
ered), the  dynamic  flexural  moduli  reported  in 
Table  6 are  for  100  stress  applications. 

Comments.  The  reduction  in  maximum  dry 
density  and  the  increase  in  optimum  moisture 
content  for  the  soil-lime  mixture  effected  by  the 
lime  treatment  are  typical  (see  Figure  1). 
Strength  and  modulus  of  elasticity  values  nor- 
mally increase  as  curing  times  are  lengthened 
(Tables  3.  4,  5,  and  0 and  Figure  2).  The 
Poisson’s  ratio  data  in  Figure  3 and  the  flexural 
failure-strain  in  Table  5 compare,  favorably  with 
data  developed  at  the  University  of  Illinois  for 
other  soil-lime  mixtures." 

Thompson  has  proposed  that  soil-lime  mix- 
tures tested  in  compression  exhibit  a “limiting 
failure  strain"  type  behavior.1-  The  flexural 
strain  data  in  Table  5 also  support  a “limiting 
failure  strain"  approach.  Limited  flexural  test- 
ing data  developed  in  an  early  University  of 
Illinois  study1''  also  appeared  to  indicate  the 
development  of  maximum  flexural  resistance  in 
a failure-strain  range  which  is  400-500  micro- 
strain. similar  to  the  data  in  Table  5. 

In  summary,  the  material  properties  dis- 
played by  the  cured  lime-OLC  mixtures  agreed 
with  previously  developed  data  for  other  soil- 
lime  mixtures.  Therefore,  soil-lime  layers  con- 


"M,  It.  Thompson,  "Kngiiiri'ring  Properties  of  Limi- 
Soil  Mixtures ."Journal oi Mali  rials,  Vol  •!.  No.  •!  lAmeno:ir: 
Society  for  Testing  ;iml  Miiterinls.  W.M. 

'-.M.  It.  Thompson.  Slnnr  Slmnjlli  and  Mastic  /’/■»/; 
crliis  hi'  I, inn  Soil  Mixtures,  Record  No.  I.T.I  lllighwny 
Research  Hoard,  lflUiii. 
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structed  using  the  lime-GLC  mixture  should 
exhibit  typical  load-deflection  responses  and 
also  no  difficulty  should  be  encountered  in  ex- 
trapolating the  behavior  of  the  materials  and 
pavements  in  this  study  to  different  subgrade 
soils  and  soil-lime,  mixtures. 


CONSTRUCTION  AND 
TESTING  PROCEDURES 

Test  Section  Construction.  All  of  the  test 
items  were  constructed  in  an  8 x 8 ft  reinforced 
concrete  test  bin,  with  wall  thicknesses  of  8 in., 
and  a floor  thickness  of  12  in.  The  bin  was  deep 
enough  to  accommodate  42  in.  of  subgrade  soil 
and  soil-limt  layers  of  thicknesses  up  to  12  in. 
Elastic  layer  and  Weste.rgaard-based  calcula- 
tions using  typical  properties  for  the  subgrade 
and  soil-lime  mixture  indicated  that  the  bin  di- 
mensions were  large  enough  to  permit  the  de- 
velopment of  slab  action  and  deep  enough  to 
insure  that  the  soil-lime  layer  response  was 
controlled  primarily  by  the  subgrade  soil  and 
was  not  unduly  affected  by  the  concrete  slab  in 
the  bin  bottom. 

Mah' rial  Preparation.  The  subgrade  soils  and 
soil-lime  mixtures  were  prepared  in  a turbine 
concrete  mixer  in  approximately  800  lb  batches. 
A predetermined  amount  of  water  was  added 
slowly  to  the  GLC  and  mixed  until  a homoge- 
neou.  .il-water  system  was  attained,  generally 
about  o min.  The  soil-lime  mixture  was  pre- 
pared by  dry-mixing  the  GLC  and  the  appro- 
priate amount  of  lime  (4  percent  lime  content 
based  on  dry  weight  of  soil) , and  then  thorough- 
ly incorporating  enough  moisture  to  achieve  the 
desired  moisture  content.  The  soil-lime-water 
mixture  was  usually  "wet  mixed”  for  approxi- 
mately 3 min. 

Sufficient  quantities  of  the  GLC  or  the  soil- 
lime  mixture  were  prepared,  covered  to  prevent 
moisture  loss,  end  stockpiled  immediately  prior 
to  placing  the  subgrade  or  soil-lime  layer.  Mois- 
ture was  checked  before  placement  to  insure 
that  the  correct  moisture  content  had  been 
achieved. 

Malarial  Placemen/  and  Compaction,  The 
GLC  or  soil  lime  mixture  was  placed  in  the  bin 


Tabic  (i 


Dynamic  Flexural  Moduli  of  Cured  Soil-Lime  Mixtures 


Flexurul  Stress  Level 


rintf  Period, 

% of  Modulus  of 

Dynumic  Flexurul, 

days  (u) 

psi 

Rupture 

Modulus,  ksi 

o 

7.5 

23 

178 

15.0 

47 

128 

24.0 

75 

133 

7 

7.8 

23 

174 

15.7 

40 

210 

25.0 

75 

197 

PI 

12 

29 

218 

21 

57 

20011’1 

30 

80 

105 

28 

15 

28 

273 

43 

80 

220"" 

all 

13.5 

25 

300 

30.0 

55 

250 

11.0 

80 

288 

Notes; 

(al  Curing  temperature  of  approximately  7.'i°F 
Hi)  Value  used  ia  finite-element  analysis. 


in  approximately  (5-in.  lifts  (loose  th’ekness). 
The  desired  compaction  was  accomplished  with 
an  air-driven  tamper  (5-in.  diameter  tamping 
face).  Compactetl  lift  thicknesses  varied  from 
2-1/4  to  3 in.  Sufficient  lifts  were  placed  to 
achieve  the  desired  thickness  of  compacted 
material. 

The  top  surfaces  of  the  subgradc  and  the  soil- 
lime  layer  were  leveled  with  a soil  planer  to 
proper  elevations  and  thicknesses.  An  approx- 
imately 1/ 1 (i-in.  layer  of  paraffin  was  placed  on 
the  surface  of  the  finished  soil-lime  layer  to 
prevent  subsequent  moisture  loss. 

Control  Tests.  Moisture  content,  density,  and 
in-sit  it  California  Bearing  Ratio  (CUR)  tests 
weie  conducted  during  'he  placement  of  the 
uhgrade  material  to  insure  that  the  compacted 
soil  was  properly  and  uniformly  constructed. 
Soil-lime  mixture  control  tests  were  for  mois- 
ture content  and  density.  Harvard  miniature 


sized  compression  specimens  were  prepared 
from  the  soil-lime  mixture  and  cured  in  sealed 
containers  at  73° F for  periods  up  to  5G  days, 

Table  7 summarizes  the  as-constructed  sub- 
grade  properties  of  the  test  sections.  Periodic 
checks  following  the  completion  of  load-testing 
indicated  that  subgrade  moisture  and  density 
properties  had  not  significantly  changed  from 
as-constructed  eon ditions. 

The  compressive  strengths  of  the  soil-lime 
mixtures  cured  for  28  and  50  days  indicated  that 
the  mixtures  placed  in  the  test  section  were 
comparable  to  the  mixtures  used  in  the  labora- 
tory studies.  The  flexural  strengths  of  beam 
specimens  (2  x 2 x 7 in.)  dry-sawed  from  some 
of  the  cured  soil-lime  slabs  after  the  completion 
of  load-testing  also  confirmed  the  fact  that  the 
soil-lime  mixtures  in  the  slabs  were  very  similar 
to  those  previously  evaluated  in  the  laboratory 
studies.  Based  on  these  facts,  it  is  assumed  that 
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the  property  data  presented  in  Tables  3,  4,  5, 
and  6 are  representative  of  the  as-constructed 
and  cured  soil-lime  layers. 


Testing  Procedures.  The  primary  testing  se- 
quence for  the  soil-lime  pavement  sections  in- 
cluded static  ai.d  dynamic  i2-in.  diameter  plate- 
loading  following  curing  periods  of  2,  14,  28,  and 
56  days.  The  entire  testing  sequence  was  accom- 
plished on  the  same  test  section  since  the  soil- 
lime  pavement  was  not  failed  until  the  ultimate 
load  test  was  conducted  at  the  56-day  mring 
period. 


During  construction,  a small  plastic  disc  was 
placed  on  the  surface  of  the  subgrade  imme 
diately  beneath  the  anticipated  location  of  the 
center  of  the  loading  plate.  After  construction 
of  the  soil-lime  layer,  a small  hole  was  drilled 
through  the  layer  and  a plastic  push-rod  was 
attached  to  the  disc.  The  push-rod  was  extended 
through  the  load  plate.  Its  movement,  sensed 
by  a potentiometer,  was  measured  as  the  sub- 
grade surface  deflection. 


Loading  ICquipmcnt.  An  MTS  closed-loop 
testing  system  with  a 50k  load-actuator  svas 
used  fur  both  static  and  dynamic  testing.  The 
12-in.  diameter  loading  device  was  a series  of 
stacked  aluminum  plates  (6,  9,  and  12-in.  diam- 
eters). Load  was  applied  to  the  plate  through  a 
ball-type  mechanism  and  was  measured  by 
using  electronic  load-cells  of  various  appro- 
priate ranges. 


Typical  Pavement  Loading  Operations.  After 
the  appropriate  curing  time  the  soil-lime  pave- 
ment sections  were  tested  under  static  and  dy- 
namic loading  conditions.  In  all  eases,  the  loads 
were  applied  to  the  12-in.  diameter  loading  plate 
previously  described.  The  plate  was  appropri- 
ately leveled  and  seated  prior  to  the  load  test. 
The  pavements  were  not  tested  tr  failure  in 
order  to  preserve  the  sections  for  additional 
testing  following  an  extension  of  the  curing 
period. 


Deflection  Measurements.  Outputs  from  four 
linear  potentiometers,  spaced  equally  around 
the  perimeter  of  the  12-in.  loading  plate,  were 
electronically  averaged  and  recorded  as  the 
plate  deflection.  Additional  potentiometers 
measured  pavement  surface  deflections  at  ra- 
dial distances  up  to  42  in.  away  from  the  center 
of  the  loading  plate. 


The  static  loads  were  increased  until  the  de- 
sired load  was  reached.  The  plate  deflection 
was  monitored  after  each  load  increment,  and 
the  next  increment  was  not  applied  until  the 
rate-of-accnmulation  of  additional  plate  defor- 
mation was  less  than  0.002  in.  in  10  min.  Since 
the  maximum  static  loads  were  substantially 
less  than  the  ultimate  load-carrying  capacity  of 
the  pavement  section,  the  plate  deformation 


Average  Properties  of  Test  Section  Subgrades 


Soft  Subgrude 
Sections  (a) 


Stiff  Subgrade 
Sections  (b) 


A.  Compact dry  density,  pcf 


If.  Placement  water  content.  V 


t . Modulus  of  stibgrade  reaction 


psi/  in* 


I).  In-sitii  CHK* 


Notes: 

la)  Sections  1 , ,'j,  ;e  I 5 
till  Sections  2.  I.  and  (i 
’ ri:r>r>  procedure 
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rate  rapidly  decreased  soon  after  the;  load  in- 
crement was  applied.  Plate  load  and  deforma- 
tion, pavement  surface,  and  suhgrade  surface 
deflection  data  were  recorded  for  the  various 
load  increments.  Figures  4 to  9 present  load- 
deflection  (P-A)  relations  for  all  the  sections. 


40  msec  in  duration  and  the  loading  frequency 
was  20  cych's/min.  Five  hundred  load  repeti- 
tions were  applied  at  each  load  magnitude  and 
dynamic  plate  and  subgrade  surface  deflections 
were  recorded  (Tables  8 to  10). 


After  the  static  loading  operations,  dynamic 
loads  of  varying  magnitude—  but  substantially 
less  than  the  ultimate  load-carrying  capacity— 
were  applied.  The  triangular  load  pulse  was 


After  the  static-and  dynamic-load  testing  had 
been  completed  for  the  50-day  curing  period, 
the  pavement  sections  were  loaded  to  failure 
at  the  rate  of  3000  lb/min.  Plate  and  subgrade 
surface  deflections  were  recorded  during  the 
test  (Figures  10  to  15). 


Tuble  8 


Dynamic  Loading  I).itu  for  Section  1 


Cure  Time, 
days 


Plate 

Piute 

Deflection  ut 

Subgrude 
Surfuec 
Deflection  ut 

Plate  Loud, 

Pressure, 

100  cycles, 

100  cycles, 

11) 

psi 

0.001  in. 

0.001  in. 

COO 

5.3 

1 

1 

1.500 

13.3 

3 

2 

•4,  :!<)<> 

20.3 

13 

8 

1.200 

10.0 

3 

2 

2,000 

23.0 

0 

0 

a, 850 

31.1 

10 

13 

1.300 

12.0 

•1 

2 

2,850 

25.2 

10 

7 

■1.200 

37.2 

17 

14 

1,000 

11.2 

•1 

•> 

3.100 

30.0 

10 

8 

5.200 

■10.0 

20 

18 

Dynamic  Loading  Data  for  Section  2 


Cure  Time, 
days 

•> 


n 


28 


Cure  Time, 

davs 


Plate  Load, 

Plate 

Piute 

Deflection  at 

Pressure, 

1<M)  cycles, 

lb 

psi 

0.001  in. 

1,000 

8.8 

2 

2.100 

18.0 

3 

3,000 

20.5 

1 

1,000 

14.2 

4 

3,300 

20.2 

(> 

4,000 

40.7 

8 

2,000 

17.7 

0 

4,000 

35.4 

8 

5.800 

51.3 

10 

Subgrude 
Surface 
Deflection  at 
1<M»  cycles, 
0.001  in. 

•> 

•> 

•) 


Tubie  ft) 

Dynamic  Loading  Data  for  Section  3 


Piute  Loud, 

iv 


Plate 

Pressure, 


Subgrade 
Piute  Surface 

Deflection  at  Deflection  at 

100  cycles,  100  cvdes. 


Table  1 1 


Dynamic  Loading  Data  for  Section  1 


Cure  Time, 
days 


M 


28 


50 


Plate  l,(iad. 

Plate 

Plate 

Deflection  at 

Suburade 
Surface 
Deflection  at 

Pressure, 

100  cycles, 

100  cycles, 

lb 

l»si 

0.001  in. 

0.001  in. 

1,1100 

10.8 

8 

] 

. ,000 

84.5 

8 

0 

5.000 

52.2 

12 

5 

8,750 

88.2 

0 

2 

7,750 

08.5 

18 

7 

11,500 

101.7 

28 

13 

4,750 

42.0 

7 

2 

9.500 

84.0 

10 

7 

18.5(H) 

110.4 

25 

14 

5,500 

48.0 

7 

8 

10,750 

05.1 

14 

7 

14,250 

120.0 

10 

15 

Table  12 

Dynamic  Loading  Data  for  Section  5 


Cure  Time, 

Plate  l oad. 

Plate 

Plate 

Deflection  at 

Suburade 
Surface 
Deflection  at 

Pressure, 

100  cycles. 

100  cycles, 

days 

lb 

|)si 

0.001  in. 

0.001  in. 

•) 

2,200 

10.5 

•1 

2 

4.000 

40.7 

10 

1 

7.0(H) 

01.0 

17 

8 

14 

3,500 

31.0 

0 

.) 

7.250 

01.1 

13 

7 

10.000 

88.1 

21 

12 

28 

4.375 

38.7 

•I 

8,750 

77.1 



0 

12.500 

110.5 

- 

10 

50 

5.000 

11.2 

0 

3 

0,375 

82.0 

10 

0 

13,750 

. 121.0 

25 

14 

19 
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4 STATIC  LOADING-DATA  ANALYSIS 

Static  Loading.  In  general,  the  various;  load- 
deflection  (P-A)  relations  (Figures  4 to  9)  il- 
lustrate the  interactions  among  the  various  pa- 
rameters of  subgrade  strength,  thickness  of 
soil-lime  layers,  and  soil-lime  mixtures  strength 
(curing-period  effect),  and  also  prove  that  sub- 
stantial load-carrying  capacity  can  be  developed 
in  a soil-lime  pavement  system. 

Snhgrtnh  Strength  Effects.  The  influence  of 
subgrade  strength  (as  evaluated  by  the  modulus 
of  subgrade  reaction)  on  load-carrying  capacity 
is  illustrated  in  Figures  Hi  and  17.  The  data  are 
for  28-day  curing  periods  and  plate  deflections 
of  0.02  in.  and  0.00  in,,  respectively.  Six-in. 
thickness  data  are  not  shown  in  Figure  17  since 
deflections  of  0.00  in.  were  not  obtained  during 
the  static  plate-loud  testing. 

The  beneficial  effect  of  increased  subgrade 
support  is  obvious  for  all  soil-lime  layer  thick- 
nesses. Nussbaum  and  Larsen  of  the  Portland 
Cement  Association  (PCAl"  found  similar 
"straight-line"  relations  between  load-carrying 
capacity  at  it  specified  deflection  and  subgrade 
strength.  It  shor'd  be  noted  that  in  the  PCA 
study  several  levels  of  subgrade  strength  were 
considered,  in  contrast  to  the  two  levels  (50 
psi/in.  and  150  psi/in.l  included  in  this  study. 

Strength  niul  Curing  Effects.  Soil-lime  mix- 
ture strength  development  in  the  test  pavement 
was  related  to  curing  time  as  illustrated  in  Fig- 
ure 2.  Thus,  increased  test  section  curing  time 
effected  increased  strengths  in  the  soil-lime 
layer,  while  for  practical  purposes,  the  subgrade 
strength  remained  essentially  unchanged. 

It  is  important  to  note  that  both  strength  and 
moduli  of  elasticity  properties  of  the  soil-lime 
mixture  increase  with  curing  time  (see  Table  5i. 
Therefore,  the  P-A  response  of  the  test  sections 
should  display  a definite  curing  time  effect. 
With  the  exception  of  section  2 (ti-in.  soil-lime, 
stiff  subgi.  del,  load-carrying  capacity  increased 
with  extended  curing.  In  section  2,  the  com- 
bo o.l  effects  of  stiff  subgrade  and  thin  layer 

N U:-sl>;ium  mil!  T..I.  l.Jirsen  l.nml  I Irl'IiTlliin  Chin 
iich  ristic*  '/I  S'>i!-('i  ill*  ill  I'nn  Him,  i,  Ufroni  No.  St, 
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thickness  obscured  the  curing  effects.  The  most 
dramatic  increases  in  load-carrying  capacity 
were  obtained  in  the  curing  interval  from  2 to  14 
days,  while  somewhat  reduced  effects  were  not- 
ed for  the  longer  curing  periods.  This  is  not 
surprising  since  modular  ratio  effects  !E  soil- 
lime/E  subgrade)  are  more  significant  at  lower 
values;  i.e.,  the  initial  increases  in  strength  and 
modular  ratio  (2  to  14  days  in  this  study)  were 
mure  beneficial  than  subsequent  increases. 

Thickness  Effects.  The  influence  of  thickness 
on  the  28-day  curing  P-A  responses  of  the 
various  sections  is  illustrated  in  Figures  18  and 
19  for  the  soft  and  stiff  subgrades,  respec- 
tively. Similar  trends  were  noted  for  the  other 
curing  periods.  Thickness  effects  appear  to  be 
significant  for  both  soft  and  stiff  subgrade 
support  conditions. 

Theoretical  Analyses.  The  procedures  devel- 
oped for  predicting  the  load-deflection  behavior 
of  layered  systems  include  elastic  theory 
( Weslergaard’s  dense  liquid  .subgrade)  and 
elastic-plate  theory  (elastic  solid  subgrade).  For 
an  extensive  descriptive  summary  of  the  var- 
ious procedures,  consult  Appendix  G of  the 
Allerton  conference  proceedings.1'*  In  ail  the 
above-listed  procedures  the  materials  are  as- 
sumed to  be  linearly  elastic,  and  the  elastic 
properties  arc  not  stress-dependent.  The  var- 
ious procedures  have  been  used  extensively 
with  varying  degrees  of  success  in  pavement 
analysis  and  design. 

Selected  P-A  data  from  this  study  were  ana- 
lyzed using  the  various  procedures.  Table  155 
summarizes  soil-lime  and  subgrade  soil- 
property  data  used  in  the  analyses.  Theoretical 
and  experimental  values  were  compared  for  the 
28-day  curing  and  a plate  load  of  9k.  except 
for  sections  I and  2 lb  in.  -oil-lime  layer  thick- 
ness) where  the  comparisons  were  based  on 
ok  and  dk  loads,  respectively.  In  some  cases 
additional  curing  periods  or  plate  loadings  were 
also  considered.  The  28-day  curing  period  was 
selected  because  the  28  and  5(»-da.v  data  were 


K.  \V.  W i >r i h< *•  i * 1 and  K !l  U’ortman.  /V»»o  t 
Allt  rtnn  ( mi  ft  n net  nn  S /.s  ■ ///.*,•  /«  Attfirhl 

/'firt ;//(  )//.'.  Jti  'hitch  I'.*!*'  ’ ivh.iiral  R<'|nr(  p.fi  Al> 
iCKUL.  1 !•?:** . r..U  w. 


Li 


20 


towkSII** 


quite  similar  and,  at  the  end  of  the  28  days  of 
curing,  the  soil-lime  layer  had  developed  suf- 
ficient flexural  strength  (54  psi)  and  stiffness 
(E  = lt)9  ksi)  to  exhibit  a slab-  or  “plate"-type 
structural  behavior. 

Laj/crcd  Ulus  lie  A nah/sis.  An  n-layered  elas- 
tic system  computer  program  initially  devel- 
oped by  Chevron  and  subsequently  modified 
at  the  University  of  Illinois  was  used  in  the 
layered  elastic  analysis.  A “rough  interface" 
condition  was  assumed  in  the  analysis  and  the 
material  properties  shown  in  Table  13  were 
used.  Pertinent  theoretical  response  data  (sur- 
face deflection,  flexural  stress  at  the  bottom  of 
the  soil  lime  layer)  and  experimental  data  for 
the  various  sections  are  summarized  in  Table  14. 

Table  13 

Material  Property  Data  Utilized  in  Static  Analyses 


Subgrade  Soil 

K.  Modulus  of  Subgradc  Head  ion.  psi  in. 

5(1  (Soft  (Iratk'l 
150  ( St  iff  (iradel 
K,  Soft  tirade  SSI)  psi  (a) 

1700  psi  ib) 

Stiff  tirade  7!Ki0  Oil 

(a)  K ralculnled  from  .'!()  in.  plate  load  test  data  on 
subgradc  llloussinesti  tbeorvl. 

Oil  Determined  from  compressive  stress-strain  curves 
for  comparted  ikiieading)  soil  samples  (loading 
rale  of  0.1)5  in.  mini.  Samples  were  eompaeted  to 
the  average  moisture-density  conditions  shown  i» 
Table  2. 

Soil-Lime  Mixture 
Modulus  of  Klaslieity.  psi 
1 ;>!),(  IDO 

I’JH-ilay  curing,  static  testing,  see  Table  5) 


A difficulty  encountered  in  using  the  elastic- 
htyer  program  to  nnnlyze  the  data  was  the  ade- 
quate representation  of  the  test  section.  The 
elastic-layer  analysis  assumes  the  bottom  layer 
to  be  of  semi-infinite  extent,  whereas  in  the  test 
section  t!.1;  subgrade  was  42  in.  thick,  the  bot- 
tom of  the  test  bin  was  12  in.  of  concrete,  and 
the  bin  was  positioned  on  the  concrete  floor 
slab  of  the  laboratory.  Preliminary  Bison  si  rain- 
gage  data  obtained  during  the  early  stages  of 
load  testing  indicated  that  as  little  as  0.001  to 
0.002  in.  of  deformation  was  being  experienced 


in  the  bottom  G-ia.  layer  of  the  subgrade  Vv  here- 
as  the  layered  elastic  theory  data  implied  that 
detectable  deformations  should  be  occurring  in 
the  layer.  It  is  apparent  that  the  theory  dees 
not  precisely  represent  the  test  section  system. 

Elastic  Plate  Thvanj.  The  dense  liquid  sub- 
grade  (We.-.tergaardl  and  the  elastic  solid  sub- 
grade  theoretical  models  were  used  to  predict 
the  behavior  of  the  soil-lime  test  pavements. 
Moduli  of  subgrade  reaction  determined  from 
30-in.  plate-loading  tests  were  used  for  inputs 
in  the  Westergaard  model.  The  moduli  of  elas- 
ticity (E)  were  calculated  by  using  the  plate- 
loading data  for  the  subgrade  and,  in  addition, 
compression  specimens  (2-in.  diameter  by  4 in.) 
were  prepared  by  kneading  compaction  at  the 
moisture  and  density  levels  indicated  in  Table  7. 
Static  (deformation  rate  of  0.05  in./min)  com- 
pressive stress-strain  data  were  used  to  deter- 
mine an  E for  use  in  the  elastic  subgrade  model. 
Although  the  two  determinations  of  E were 
quite  different  for  the  soft  subgnu.e,  they  were 
approximately  the  same  for  the  stiff  subgradc 
condition. 

Calculations  were  made  using  k values  of  50 
and  450  psi/in.  for  the  Westergaard  model  and 
E values  of  880  and  1700  psi  (soft  grade)  and 
8000  psi  (stiff  grade)  for  the  elastic  solid  sub- 
grade model  (Table  14). 

PCA’s  analysis"’  of  their  load-deflection  data 
for  cement-stabilized  materials  indicated  that 
the  relation 


in  which 
P 


P - plate  pressure,  psi 

w - plate  deflection,  in. 

k = modulus  of  subgradc  reaction, 
psi/in. 

a = radius  of  plate 

h r-  thickness  of  stabilized  layer 

(t,/3  = experimentally  determined 

factors 
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Table  If 


Theoretical  Results  iind  Measured  Data 
(Static  Analysis— 28-I)uy  Curing  Period) 


Section 

Measured 

Surface 

Layered  Klustic 

Theory 

No. 

A,  in.  (a) 

A,  in.  (b) 

<1,  psi  (c| 

F „,k.  P»i 

1 

0.050 

0.087 

142 

880 

0.057 

12:1 

1700 

o 

11.028 

0.021 

!):i 

8000 

:l 

0.075 

0.107 

Kit! 

880 

0.070 

122 

1700 

1 

0.02:1 

0.020 

81 

8000 

5 

II.IKIG 

0.080 

82 

880 

0.051 

7f> 

1700 

(1 

0.022 

0.021 

54 

8000 

Measured 


Section  Surface 
No. 


Dense  Liquid  Subj;rnde 


Klustic  Plate  Theory 


0.050 


0.04:1 


0.028 

0.075 


0.010 

o.oi:i 


0,02:1 

0.005 


0.011 

0.028 


(I.OOil 


psi  (c) 

k.  psi 'in. 

A.  in.  ( b ) 

<1 . psi  (c) 

K M,I.„  psi 

i:ll 

50 

0.080 

140 

880 

0.055 

12:1 

1700 

107 

•150 

0.022 

10:1 

8000 

:•’! 

50 

0,101 

K17 

88(1 

0.007 

12:1 

1701) 

!K) 

150 

0,02:1 

02 

8000 

1 • 

50 

0,070 

88 

880 

0,050 

811 

1700 

iiH 

150 

0.018 

02 

8000 

Notes: 


Oil  Ok  plate  load  except  section  1 (5kl  and  section  2 Oik  , 
do  Surface  deflection  at  centerline  of  loaded  area. 

Id  Flexural  stress  at  centerline  of  loaded  area  at  bottom  of  soil-lime  layer. 
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quite  similar  and,  at  the  end  of  the  28  days  of 
curing,  the  soil-lime  layer  had  developed  suf- 
ficient flexural  strength  (54  psi)  and  stiffness 
(E  = 199  ksi)  to  exhibit  a dab-  or  “p!ate’’-type 
structural  behavior. 


LaiH'inl  Plastic  A uulysis.  An  n-layered  elas- 
tic system  computer  program  initially  devel- 
oped by  Chevron  and  subsequently  modified 
at  the  University  of  Illinois  was  used  in  the 
layered  elastic  analysis.  A “rough  interface" 
condition  was  assumed  in  the  analysis  and  the 
lateral  properties  shown  in  Table  18  were 
used.  Pertinent  theoretical  response  data  (sur- 
face deflection,  flexural  stress  at  the  bottom  of 
the  soil-lime  layer)  and  experimental  data  for 
the  various  sections  are  summarized  in  Table  14. 


Table  13 

Material  Property  Data  ltili/ed  in  Static  Analyses 


Suhgnuk*  Soil 

K.  Modulus  of  Kuhgrudc  Reaction,  psi  in. 
fid  iSoft  tirade* 

150  (Stiff  tirade  I 
K.  Soft  tirade  H80  psi  (t.l 
1700  psi  (lit 
Stiff  tirade  7%0  in) 

la l K ciilculatcd  from  .'(()  in.  plate  load  test  data  on 
snbgnicle  lliimssincsq  theory), 
ibl  Determined  from  compressive  stress-si  min  curves 
for  compticted  tki'«-  ulinyj)  soil  samples  (loading 
rate  of  0.05  it). /mini.  Samples  were  compacted  to 
the  average  moisture-density  conditions  show  • in 
Table  2. 


Soil-bime  Mixture 

Modulus  of  Elasticity,  psi 
Oil.OOO 

Cd.N  day  curing,  static  testing 


see  Table  5) 


A difficulty  encountered  in  using  the  elaslic- 
lii.ver  program  to  analyze  the  data  wtts  the  ade- 
quate representation  of  the  test  section.  The 
elastic-layer  analysis  assumes  the  bottom  layer 
to  be  of  semi-infinite  extent,  whereas  in  the  test 
section  the  subgradc  was  42  in.  thick,  the  bot- 
tom of  the  test  bin  was  12  in.  of  concrete,  and 
the  bin  was  positioned  on  the  concrete  floor 
slab  of  iiie  laboratory.  Preliminary  bison  strain- 
gage  data  obtained  during  the  early  stages  of 
load-testing  indicated  that  as  little  as  0.001  to 
0.002  in.  of  deformation  was  being  experienced 


in  the  bottom  G-in.  layer  of  the  subgrade,  where- 
as the  layered  elastic  theory  data  implied  that 
detectable  deformations  should  he  occurring  in 
the  layer.  It  is  apparent  that  the  theory  does 
not  precisely  represent  the  test  section  system. 


Mastic  Plate  Theory.  The  dense  liquid  sub- 
grade (Westergaard)  and  the  elastic  solid  sub- 
grade  theoretical  models  were  used  to  predict 
the  behavior  of  the  soil-lime  test  pavements. 
Moduli  of  subgradc  reaction  determined  from 
30-in.  plate-loading  tests  were  used  for  inputs 
in  the  Westergaard  model.  The  moduli  of  elas- 
ticity (E)  were  calculated  by  using  the  plate- 
loading data  for  the  subgradc  and,  in  addition, 
compression  specimens  (2-in.  diameter  by  4 in.) 
were  prepared  by  kneading  compaction  at  the 
moisture  and  density  levels  indicated  in  Table  7. 
Static  (deformation  rate  of  0.05  in./min)  com- 
pressive stress-strain  data  were  used  to  deter- 
mine an  E for  use  in  the  elastic  subgrade  model. 
Although  the  two  determinations  of  E were 
quite  different  for  the  soft  subgrade,  they  were 
approximately  the  same  for  the  stiff  subgrade 
condition. 


Calculations  were  made  using  k values  o.  50 
and  450  psi/in.  for  the  Westergaard  model  and 
E values  of  880  and  1700  psi  (soft  gradel  and 
8000  psi  (stiff  grade)  for  the  elastic  solid  sub- 
grade model  (Table  14). 


PCA’s  analysis"’  of  their  load-deflection  data 
for  cement-stabilized  materials  indicated  that 
the  relation 


P = 


wk 


" h 


in  which 
P 


w 

k 


a 

h 

«.  P 


= plate  pressure,  psi 
= plate  deflection,  in. 

= modulus  of  subgradc  reaction, 
psi/in. 

= radius  of  plate 
= thickness  of  stabilized  layer 
- experimentally  determined 
factors 
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adequately  described  the  observed  response. 
For  the  low  (relative  to  soil-cement)  flexural- 
strength  cement-treated  mixtures  studied,  0 
ranged  from  1.52  to  1.59,  with  an  average  of 
1.57.  a also  varied  with  higher  flexural-strength 
materials  characterized  by  smaller  a values. 
For  the  soil-cements  investigated  (adequate  ce- 
ment content  to  meet  PCA  durability  require- 
ments), a was  equal  to  0.58,  and  J3  was  1.52. 


Subsequent  PCA  field  studies'7  indicated  rea- 
sonable agreement  between  the  PCA  load- 
deflection  relation  and  field  response  data.  Sub- 
sequently, PCA  developed  a soil-cement  thick- 
ness-design procedure'8  based  on  the  load- 
deflection  relation.  Thompson1"  has  suggested 
that  the  PCA-developed  load-deflection  relation 
might  also  be  considered  for  use  with  cured 
soil-lime  mixtures.  To  check  the  applicability  of 
the  PCA  procedure,  the  P-A  data  for  the  soil- 
lime  pavements  tested  in  this  study  were  ana- 
lyzed using  the  suggested  PCA  relation.  Based 
on  the  PCA  approach  used  in  analyzing  the 
Minnesota  Test  Road  data,-”  the  soil-lime  load- 
deflectiou  responses  for  0.02  in.  and  0.04  in. 
were  averaged  to  determine  a representative 
value  of  w/P.  Since  the  w/P  values  for  the  28- 
and  50-day  curing  time  P-A  curves  were  ap- 
proximately the  same,  data  for  the  two  curing 
Limes  were  averaged  for  subsequent  use  in  the 
PCA  relation.  A summary  of  the  wk/P  data  is 
shown  in  Table  15. 


Log-log  plots  of  wk/P  vs  a/h  for  the  soft 
|k  = 50  psi/in.)  and  stiff  (k—150  psi/in.)  grades 
as  well  as  a and  /3  values  determined  from  an 
analysis  of  the  plots,  are  shown  in  Figure  20. 
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Table  15 


Summary  of  wk/P  Data 


Section  No.  Curing  Time,  days  wk/P  (*) 


*\otes: 

nil  Average  value  for  deflections  of  0.02  in.  and 
0.0-1  in. 

(hi  \V  = deflection,  in. 

k modulus  of  subgrade  reaction,  psi/in. 

P plate  pressure,  psi 


Discussion 


Elastic  Inner  and  Elastic  Plate.  The  layered 
elastic  and  elastic  plate  theories  have  been  used 
for  analyzing  various  types  of  pavement  sys- 
tems. A major  requirement  for  an  acceptable 
pavement  analysis  and  design  procedure  is  the 
adequate  prediction  of  the  pavement  response 
to  applied  load.  Figure  21  illustrates  the  effi- 
ciency of  the  various  procedures  for  predicting 
surface  deflection.  The  following  observations 
are  significant: 


l.The  Wcstergaard  theory  (elastic  plate, 
dense  liquid  subgrade)  consistently  predicted 
low  deflections,  relative  to  measured  values. 


2.  The  elastic  plate-elastic  stthgrade  theory 
was  quite  accurate  for  the  stiff  subgrade  con- 
ditions, but  inaccurate  (predicted  high)  for  the 
soft,  subgrade  conditions  when  the  F calculated 
from  plate-load  test  data  (880  psil  was  used.  A 
much  better  agreement  between  the  predicted 
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and  measured  deflection  was  obtained  for  the 
soft  stibgrades  when  the  E determined  from 
the  compressive  stress-strain  data  (1,700  psi) 
was  used  in  the  analysis. 

IS.  The  elastic  layer  theory  quite  accurately 
predicted  the  response  of  the  sections  on  the 
stiff  subgrado,  but  predicted  high  values,  rela- 
tive to  the  measured  values,  for  the  so(t  sub- 
grade  conditions  (subgrade  E at  880  psi).  The 
predictions  were  substantially  improved  when 
the  subgrado  E of  1,700  psi  was  used  to  repre- 
sent the  soft  grade. 

A point  of  major  disparity  is  the  comparison 
of  the  theoretical  flexural  stresses  in  the  soil- 
lime  layer  (Table  Ml  and  the  28-day  flexural 
strength  of  the  material,  which  was  54  psi.  In 
all  except  the  12  in.  thick  sections  (5  and  tit, 
the  theoretical  flexural  stresses  were  substan- 
tially greater  than  the  flexural  strengths  of  the 
soil  lime  mixture.  Note  that  the  data  in  Tabic 
15  are  for  plate  loads  substantially  less  than 
the  ultimate  load-carrying  capacity  of  the  soil- 
lime  placement  system,  thus  accentuating  the 
discrepancy  between  predicted  flexural  stresses 
and  flexural  strength. 

To  further  check  the  applicability  of  the  elas- 
tic layer  procedure,  measured  and  theoretics1 
sindace-deflection  profiles  were  compared,  con- 
sidering only  those  sections  which  shewed  good 
agreement  between  theoretical  and  experimen- 
tal plate  deflections.  The  comparative  data  are 
shown  in  Figures  22  to  25.  It  is  quite  apparent 
that  the  deflection  profiles  disagree  substan- 
tially, even  though  the  plate  deflections  were 
comparable.  In  general,  the  elastic  layer  theory 
predicts  a greater  degree  of  "slab  action"  (load 
distribution  over  a larger  areal  than  the  experi- 
mental data  would  suggest.  The  discrepancy  is 
particularly  accentuated  for  the  soft-subgiade 
support  conditions  (Figures  22  and  24b 


flection  behavior  for  both  soft  and  stiff  subgrade 
support  conditions. 

It  is  interesting  to  note  that  although  ‘.lu*  ji 
values  of  0.84  and  (1.08  are  not  greatly  different, 
the  o values  of  11.21  and  0.048  differ  substan- 
tially. The  (i  and  fl  values  for  tin1  soil-lime 
pavements  fall  within  the  range  of  the  field  data 
reported  by  Larsen  1 for  cement  stabilized 
materials,  hut  do  not  compare  favorably  with 
tin*  PC  A laboratory  test  data.--  In  contrast  to 
the  PCA  study  in  which  a and  ji  were  consid- 
ered as  constants  for  soil-cement  quality  ma- 
terials, Nielsen’s--5  analysis  of  his  data  for 
cement-treated  sand  bases  indicated  that  a 
was  a function  of  base  thickness  and  k and  /3 
were  functions  of  layer  depth.  The  results  of 
this  study  also  indicate  that  a "unique  relation" 
(nandjS  constant)  of  the  form  proposed  by  PCA 
for  soil-cement  cannot  he  developed  for  soil- 
lime  pavements. 

(icnavl.  The  experimental  data  and  analysis 
results  indicate  that  reasonable  predictions  of 
the  load-deflection  response  (plate  deflections) 
of  soil-lime  layers  can  be  made  using  the  elastic 
plate-elastic  subgrade  theory  and  the  elastic- 
layer  theory.  Elastic-layer  theory  does  not  ade- 
quately estimate  the  deflection  basin  of  the 
loaded  sod  lime  layer.  The  Westcrgaard 
approach  did  not  accurately  predict  load- 
deflection  response. 

The  PCA  load-deflection  theory  cannot  be 
list'd  to  accurately  describe  the  behavior  of  soil- 
lime  pavement  systems.  Apparently  the  a and 
perhaps  the  ji  terms  in  the  PCA  theory  are  not 
constants  for  soil-lime  layers  but  perhaps  are 
influenced  by  other  factors  l subgrado  support, 
layer  thicknessl,  thus  severely  limiting  the  use- 
fulness and  applicability  of  the  procedure. 


PCA  I. mid  l)cl,ri  linn  Thconi.  Although  the 


log  dog  plots  iFignre  2b)  can  be  represented  by 
a straight-lino  relation,  it  is  quite  obvious  that 
one  relation  lu  and  ji  constant)  does  not  ade- 
quately describe  the  sod-lime  layer  load-do 
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It  is  important  to  note  that  agreement  be- 
tween experimental  data  and  theoretical  results 
for  the  sections  with  soft  subgrades  was 
achieved  only  when  an  alternate  method,  com- 
pressive stress-strain  data,  was  used  to  estab- 
lish an  E value  for  the  soft  grade.  The  adequacy 
of  the  procedure  in  which  E values  are  back- 
calculated  from  plate-load  data  should  be  care- 
fully considered,  particularly  in  the  case  of 
soft  subgrades. 


Although  some  of  the  theories  offer  potential 
for  predicting  the  static  ■oad-defleclion  re- 
sponse of  soil-lime  layers,  substantial  discrep- 
ancies exist  between  the  predicted  flexural 
stresses  and  the  flexural  strength  of  the  soil- 
lime  mixture,  and  the  deflection  profiles  which 
are  theoretically  measured.  Most  rationally 
based  pavement  design  procedures  include 
some  provisions  relative  to  allowable  stresses 
and  thus  an  accurate  procedure  is  needed  for 
predicting  stresses  in  the  paving  materials.  The 
PGA  procedure  for  soil-cement  thickness  design 
is  an  exception  since  deflection  and  radius  of 
curvatures,  not  stress,  are  the  bases  of  the 
procedure. 


Recent  studies  by  the  Federal  Highway  Ad- 
ministration |FH\VAI-'  have  demonstrated  that 
linear  viscoelastic  theory  is  "much  better”  for 
predicting  the  response  of  a flexible  pavement 
(asphalt  concrete  surface,  crushed  stone  base, 
soil  subgrade)  to  static  loading  rather  than  for 
dynamic  loading  conditions.  In  fact,  if  it  is  de- 
sirable to  accurately  predict  the  static  re- 
sponse of  pavements  containing  soil-lime  layers, 
it  would  be  appropriate  to  consider  the  possi- 
bility of  using  a viscoelastic  theory  similar  to 
the  one  employed  by  Kenis  in  the  FHWA 
investigation. 
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5 DYNAMIC  LOADING-DATA 
ANALYSIS 


Recent  pavement  studio.;  (see  summary  in 
Allen)-'’  have  shown  that  the  accurate  predic- 
tion of  pavement  response  under  dynamic 
loading  conditions  requires  the  use  of  materials- 
testing  procedures  and  techniques  capable  of 
characterizing  the  stress-dependent  properties 
of  the-  materials  in  the  pavement  section.  Finite 
element  analysis  methods  have  been  developed 
for  considering  the  dynamic  loading  of  pave- 
ments. The  procedure  used  to  analyze  the  soil- 
lime  pavement  data  has  been  considered  in 
detail  by  Allen.  The  basic  procedure,  developed 
by  E.L.  Wilson  and.l.M,  Duncan  at  the  Univer- 
sity of  California,  Berkeley,  has  been  subse- 
quently modified  at  the  University  of  Illinois. 
Distinct  advantages  were  attained  by  using  the 
finite-element  procedure  for  analyzing  the 
dynamic-loading  data.  It  was  possible  to  accu- 
rately consider  the  stabilized  layer-subgrade 
soil-test  bin  system.  The  bottom  of  the  test-bin 
floor  was  assumed  as  a fixed  lower  boundary 
which  was  constrained  vertically  and  horizon- 
tally. Thus,  in  effect,  no  deformation  could 
accumulate  below  that  level.  In  addition,  the 
stress-dependent  resilient  moduli  properties  of 
the  subgrade  could  be  adequately  considered. 


Material  Properties.  Dynamic-compressive 
and  flexural  properties  of  the  cured  soil-lime 
mixtures  were  determined  as  described  in 
Chapter  2.  The  test  data  are  summarized  in 
Tables  4 and  (3. 


Ti  e stress-dependent  resilient  behavior  of 
the  GDC  subgrade  soil  was  characterized  by 
using  a procedure  developed  by  Rolmett  and 
Thompson.-11  Specimens  (2-in.  diameter  by  4 
in.)  were  compacted  'kneading  procedure)  at 
moisture  contents  and  densities  similar  to  those 
achieved  during  the  construction  of  the  soft  and 
stili  subgrades.  The  specimens  were  subjected 
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to  repeated  loading  (various  axial-stress  levels, 
(i()  msec  pulse-duration,  20-load-applications  per 
minute)  and  the  resilient  deformations  were 
monitored. The  resilient  modulus  was  calculated 
as  the  repeated  axial  stress  divided  by  recov- 
erable resilient  axial  strain  based  on  response 
data  obtained  following  the  application  of  1(100 
conditioning  stress  applications  (5  psi). 


during  dynamic  testing.  In  many  instances,  the 
plait1  deflection  data  records  showed  substantial 
“‘bouncing,”  indicating  that  perhaps  the  plate 
did  not  maintain  contact  with  the  pavement 
surface  at  all  times.  Consequently,  emphasis 
was  placed  on  using  subgrade  deflection  for 
checking  the  adequacy  of  the  finite-element 
method. 


The  flexural  moduli  of  elasticity  data  in  Table 
0 were  used  to  characterize  the  soil-liine  layers 
in  the  finite  (dement  model.  The  resilient  re- 
sponse relations  in  Figures  2(“  and  27  were  used 
to  represent  the  subgrade  soils.  Concrete  in  the 
test-bin  floor  was  assumed  to  have  an  E = 
2 x 1 ( ),;  psi  and  p = 0.17. 

Finite  Element  Analysis.  Selected  sections 
(Table  l(i)  were  analyzed  using  the  finite  ele- 
ment method  to  determine  the  adequacy  of  the 
technique  for  predicting  the  dynamic  response 
of  the  test  sections.  Plots  showing  the  relations 
between  experimental  and  theoretical  subgrade 
surface  deflections  an;  presented  in  Figures  28 
through  3(i.  Some  concern  was  expressed  about 
the  validity  of  the  plate-deflection  data  collected 


Discussion.  For  most  of  the  conditions  consid- 
ered, the  finite  element  method  rather  accu- 
rately predicted  the  dynamic  subgrade  deflec- 
tion. Table  1(5  qualitatively  summarizes  the 
extent  of  agreement  between  the  experimental 
and  theoretical  data.  In  all  cases,  the  "poor”  and 
“fair”  agreement  ratings  were  for  Sections  1,  3, 
and  5,  constructed  on  soft  subgrades.  Difficulty 
was  also  experienced  in  getting  good  agreement 
between  "experimental”  and  “theoretical”  val- 
ues for  the  elastic-layer  and  elastic-plate  anal- 
yses of  the  static-loading  data  for  the  soft  grade 
condition.  Table  1(5  indicates  that  it  is  more 
difficult  to  accurately  predict  the  dynamic  be- 
havior of  sections  with  thinner  soil-lime  layers, 
soft  subgrades,  and  short-time  curing  (lower- 
strength  soil-lime  mixtures). 


Tabic  1(> 


Summary  of  Fiuilc-HIcmciU  Analyses 


Section 

No. 


Curing 

Period. 

Days 


Soil-Lime 
K.  (a) 
l»si 


Qualitative  Agreement  (b| 


1 ‘28  22(5,  <100 

2 28  220.000  X 

:!  28  220.000  X 

I 2 128.000  X 

I 28  220.000  X 

r>  2 128.000 

.I  I l 200.000  X 

.7  28  220.000 

0 28  220.000  X 

Notes: 

Oil  Constant  K value  used  in  the  analyses  for  the  soil-lime  layers. 

F,  selected  from  Table  0 for  approximately  fiO  percent  stress  level, 
till  Judgment  based  on  qualitative  examination  of  Figures  28  to  20. 
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Finite-element  analyses  were  used  to  deter- 
mine flexural  stresses  and  strains  at  the  bottom 
of  the  soil-lime  layer  for  plate-loading  which 
corresponded  approximately  to  the  maximum 
loads  applied  during  the  static-loading  sequence. 
Tin*  data  an*  summarized  in  Table  17.  Compar- 
ison of  the  calculated  stress  and  strain  data 
with  the  soil-lime  mixture  property  data  in  Ta- 
ble 5 indicates  that,  in  general,  the  theoretical 
stresses  and  strains  are  less  than  the  failure 
values  determined  from  the  static  laboratory- 
testing program.  It  is  encouraging  to  achieve  a 
better  agreement  between  the  theoretical 
stresses  and  strains  and  measured  material 
property  data.  Although  one  might  question  the 
desirability  of  comparing  dynamic  theoretical- 
analysis  results  with  static  materials-testing 
data,  the  flexural  moduli  of  the  soil-lime  mix- 
tures determined  from  static  and  dynamic 
testing  do  not  differ  substantially,  although  the 
dynamic  moduli  tend  to  be  higher  (Figure  37). 


Dynamic  surface  deflection  profiles  were 
compared  to  further  evaluate  the  finite  element 
theory.  Experimental  and  theoretical  data  for 
selected  sections  are  shown  in  Figures  38  to  41. 
Because  of  concern  about  the  validity  of  the 
plate  deflection  data  for  the  dynamic  loading 
condition,  data  are  shown  only  (or  points  not 
located  on  the  load  plate.  Fairly  good  agreement 
is  noted  between  the  theoretical  and  experi- 
mental data.  In  contrast  to  the  elastic  layer 
theory,  the  finite  element  theory  predicts  less 
slab  action  or  load  transfer  over  a smaller  area. 
It  is  important  to  recall  that  the  subgrade  re- 
sponse model  used  in  the  finite  element  anal- 
yses is  assumed  to  be  stress-dependent.  Thus,  it 
is  possible  to  develop  increased  subgrade  stiff- 
ness in  those  areas  of  low  deviator  stress  which 
are  further  removed  from  the  loading  area. 


Dynamic  vs  Static  Behavior.  It  was  apparent 
during  the  data  analyses  that  the  dynamic  de- 
flections were  substantially  less  than  the  static 
values.  In  a comparison  of  static  and  dynamic 
subgrade  surface  deflection  data  (center  of  late 
load),  shown  in  Table  18  and  Figure  42,  the 
ratios  of  static  to  dynamic  deflections  varied 
from  l.b  to  3.0  with  an  average  of  2.2. 


Similar  findings  have  been  reported  by 


Larsen-7  for  cement-stabilized  pavements  in 
Minnesota.  The  effects  of  vehicle  speed  on  total 
surface  deflection  and  embankment  deflection 
were  studied  for  conventional  flexible  pave- 
ments at  the  AAS110  Road  Test.  The  AAXIIO 
study'-''  indicated  that  increases  in  loading  speed 
from  2 to  3f>  nipli  resulted  in  deflection  reduc- 
tions in  the  range  ol  approximately  40  percent 
and  the  partial  deflections  (depth  of  the  deflec- 
tion basin  measured  under  a 2 ft  chord  at  the 
bottom  of  the  deflection  basin)  were  reduced 
on  the  order  of  00  to  70  percent. 


ULTIMATE  LOAD  TESTING- 
DATA  ANALYSIS 


Meye  rhof's  Theory.  Studies-1'-1"  of  lime-fly  ash- 
aggregate  and  soil-cement-base  course  behavior 
have  shown  that  ultimate  load  carrying  capacity 
is  much  greater  than  predicted  by  elastic-layer 
theory.  Meyerhof’s"1  ultimate  load  theory  cor- 
related much  better,  for  both  static  and  fatigue 
loading,  with  observed  experimental  behavior. 
Field-performance  data1-  also  have  indicated 
that  the  ultimate  strength  design  approach 
is  realistic. 


Meyerhof’s"'1  equation  for  ultimate  loading- 
carrying  capacity  under  interior  loading  condi- 
tions was  used  to  determine  intimate  loads  for 
the  soil-lime  layers  tested  in  this  study. 
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■ f 1 ‘ 1 

P„  = 7'~  -1;  \ for  a/L  > 0.2 

(-5-> 

1\,  = ultimate  load,  lb 


fi,  ~ modulus  of  rupture  material,  psi 
li  ~ slab  thickness,  in. 
a - radius  of  circular  loaded  area 
I*  radius  of  relative  stiffness 

E = -IV  Eh7l2(l  - ,f)k 
K = modulus  of  elasticity  of  material,  psi 
/i  = Poisson’s  ratio 

and  k = modulus  of  subgrade  reaction,  psi /in. 

Ultimate  hod-testing  was  conducted  only 
after  the  50-day  curing  period;  thus,  the  results 
of  only  six  tests  are  available.  A flexural 
strength  of  55  psi,  a p of  0.2,  and  an  E of  210,000 
psi  were  used  based  on  the  previous  laboratory 
soil-lime  mixture  test  data  summarized  in  Table 
5.  Ultimate  loads  predicted  by  Meyerhof’s 
theory  are  shown  in  Table  19.  A comparison 
between  the  predicted  ultimate  load-carrying 
capacity  and  the  plate-loading  data  is  shown  in 
Figure  •!•'(.  Actual  load-carrying  capacities  were 
substantially  greater,  by  at  least  a factor  of 
two,  (ban  the  predicted  values  for  all  sections. 

Eased  on  the  test  data  and  the  Meyerhof 
theoretical  results,  it  is  possible  to  evaluate  the 
effects  of  .subgrade  support  and  slab  thickness 
on  ultimate  load-carrying  capacity,  as  shown  in 
Table  20.  In  general,  the  theory  underestimated 
the  effects  of  subgrade  support  and  over- 
estimated the  influence  of  thickness.  Figure  44 
illustrates  the  effect  of  thickness,  as  determined 
from  plate  load  test  data,  for  the  soft  and  the 
stiff  subgrade.  The  relative  effect  of  thickness 
is  more  significant  for  the  soft  .subgrade  condi- 
tion. Thickness  effects  for  the  stiff  subgrade 
were  nominal,  as  indicated  by  the  load  test  data 
ultimate  load  ratios  in  Table  20. 


ultimate  load-carrying  capacity  is  also  devel- 
oped prior  to  exceeding  the  0.1  in.  deflection 
value.  Table  21  summarizes  the  load  and  de- 
flection ratios  for  the  sections.  The  load-ratio  is 
the  plate-load  at  a deflection  of  0.1  in.  divided  by 
the  ultimate  load-carrying  capacity,  and  the 
deflection  ratio  of  0.1  in.  divided  by  the  deflec- 
tion required  to  develop  the  ultimate  load. 

The  range  of  values  for  the  load  and  deflec- 
tion ratios  is  not  large.  Based  on  average  values, 
79  percent  of  the  ultimate  load-carrying  capac- 
ity v.*is  developed  at  a deflection  equal  to  about 
one-third  the  deflection  required  to  develop  the 
ultimate  load-carrying  capacity. 

Discussion.  Substantial  ultimate  load  capac- 
ities are  developed  by  cured  soil-lime  layers,  as 
demonstrated  by  the  o’ata  in  Table  19.  It  is 
emphasized  that  the  data  in  Table  19  are  for 
only  one  curing  period  (50  days)  and  thus 
strength  effects  cannot  be  established. 

Meyerhof’s  theory  (interior  loading  condi- 
tions) did  not  satisfactorily  predict  the  ultimate 
load  response  of  the  test  sections,  but  was  con- 
sistently conservative  by  at  least  a factor  of 
two.  The  theory  was  verified  qualitatively  since 
both  increased  thickness  and  subgrade  support 
contributed  to  the  development  of  higher  ulti- 
mate load-carrying  capacities. 

The  general  finding  that  a substantial  portion 
(79  percent)  of  the  ultimate  load-carrying  capac- 
ity can  be  developed  at  fairly  low  deflections  of 
0.1  in.  was  an  encouraging  development.  Many 
expedient  or  low-traffic-volume  pavements 
which  display  surface  deflections  in  the  range  of 
0.1  in.  provide  satisfactory  performance.  In 
order  to  maintain  perspective,  it  should  be  not- 
ed that  load-carrying  capacities  of  9k  (highway 
truck  traffic)  were  developed  in  the  test  section 
at  deflections  substantially  less  than  0.1  in., 
with  the  exception  of  Section  1,  which  is  the  thin 
soil-lime  layer,  weak  .subgrade. 


General  Approach.  Examination  of  the  ulti- 
mate load-deflection  plots,  Figures  10  to  15, 
indicates  that  the  slopes  of  the  P-A  plots  do  not 
change  substantially  until  a deflection  of  ap- 
proximately 0. 1 in.  is  reached.  A majority  of  the 
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Tuble  1!) 

Summary  of  Ultimate  Load-Test  and  Predictions 
(5(1 -Day  Curing) 


Predicted 

Ultimate 

A at 

I.oikI  Test  Data  (h) 

Load 

Predicted 

Carrying 

Ultimate 

A at  Max.  Load  at  A 

Cu  purity 

Load, 

Max.  Load, 

Loud,  0.1  in.  (el 

Section 

Hi 

in. (al 

Ih 

in.  Ill 

1 

•1 .7(1.0 

O.02N 

15.:  It  in 

0.27-1  10.000 

•> 

5.220 

(1.027 

lii.tii  lo 

n.:l07  27.000 

•» 

1(1.225 

0.010 

22.000 

0.100  10.100 

1 

1 1 .11(10 

0.022 

00.000 

0.2S  2>.  St  II  I 

0 

17.K5II 

0.010 

: 10.500 

I).:l5  2i!.llllll 

li 

IS.'.ltltl 

0.0  II 

IN, III  III 

0.2N2  ON.  100 

Notes: 

lul  Deflection  from  ultimate  plate-load  data  correspondin'.;  lo  the  "predicted"  ultimate 
load-earr.vint;  I Meyerhof's  theory,  interior  loatlim;i. 
till  Values  determined  from  ultimate  plate  load  data.  I'ij'ttres  111  lo  1;1. 
tel  Plate  load  correspomlini;  to  a plate  deflection  of  II. I in. 


Table  20 

Kffeet  of  Sulmrade  Support  and  Thickness 
on  Ullimutc  Loud-Currying  Capacity 


riliniute  Load  Ratio  (a) 

Comparison  Meyerhof  Theory  Load  Test  Data 
Snhiirade  Kffcrts 


1 1 re  I ’:od*l 


11  0 in. 

I.ll 

2.02 

II  Oiu. 

1 .ON 

1 .01 

11  12  in. 

1.00 

l.:il 

Thickness  Hffeels 

P../IV.UI 

k 50  psi  in. 

2.  ON 

l.-ll 

k 150  psi- in. 

1 1 ii 

2.1 

0.0 

i i -j  1 < ■, 

k 50  psi  in. 

:i.s 

2.:  IN 

k 150  psi  in. 

11  1 1 

:i.O 

1.2 

1 | • / 1 ;* 

k 50  |isi  m. 

1.71 

1.00 

k 150  psi  in. 

1.72 

1 

Notes: 

t.o  Ratio  of  ultimate  loads  for  the  comparison 
indicated. 

laffatioof  ultimate  load  for  k ---loll  psi/in.  to  i tit i 
niiiie  load  for  k oil  psi/in.  for  thicknesses  lin.i 
indicated. 

icl  Ratio  of  ultimate  loads  for  the  thicknesses  till. I 
indicated  liy  the  P suliscripts. 


Tattle  21 

Load  and  Deflection  Ratios  for  (1.1  Inch  Deflection 


Sect  inn  No. 

Load  Riii io  lal 

Deflection 

Knlio  (Id 

1 

ll.r.5 

o.:io 

•> 

1 1. ON 

t).:t:t 

:l 

0.75 

0.25 

1 

1 ) .Nil 

0.05 

>1 

o.7I 

0.20 

(i 

O.NO 

I).:I5 

Av  o.7:l 

Av 

0.02 

Notes: 

lal  Load  al  a deflection  u!  II. I in.,  divided  hy  the 
ultimate  load  earryiun  capacity. 

Ilil  Deflect  inn  of  It. I in.,  divided  liy  the  deflection 
correspomlitu;  to  the  oitiuiale  load-carry  ins; 
capacity . 


CONCLUSIONS  AND 
RECOMMENDATIONS 


The  following  conclusions  are  based  on  the 
results  and  discussion  reported  in  the  preceding 
chapters: 

1.  Substantial  load  carrying  capacity  can  be 
developed  in  soil-lime  pavements.  Increases  in 
soil  lime  layer  thickness,  soil-lime  mixture 
strength,  and  subgrade  support  •reate  addi- 
tional load-carrying  capacity. 

2.  For  static-loading  conditions,  the  11-layered 
elastic  layer  theory  and  the  elastic  plate  on  an 
elastic  subgrade  theory  can  estimate  plate  de- 
flection with  a fair  degree  of  accuracy:  however, 
neither  theory  accurately  predicts  the  surface 
deflection  basin  at  points  remote  from  the 
loading  plate.  Careful  consideration  should  be 
given  to  determining  the  appropriate  moduli 
of  elasticity  values. 


2.  The  Westergaard  analysis  did  not  accu- 
rately predict  the  behavior  of  the  soil-lime 
pavements. 

I.  The  n -layered  elastic  and  the  elastic  ‘date 
on  an  elastic  snbgrade  theories  predict 
extremely  high  flexural  stresses  at  the  bottom 
of  the  soil-lime  layer,  as  compared  to  static 
flexural  strength  data. 

o.  The  l‘CA  load-deflection  response  model 
has  limited  applicability  for  describing  soil- 
lime  pavement  behavior.  The  results  of  this 
study  indicate  that  the  a and  rt  terms  of  the  PCA 
load-deflection  relation  are  not  constant  foi  soil- 
lime  layers,  but  may  vary  depending  on  such 
parameters  as  subgrade  strength,  soil-lime  mix- 
ture strength,  and  layer  thickness. 

li.  For  the  same  magnitude  of  loading,  meas- 
ured static  pavement  responses,  as  determined 
from  subgrade  surface  deflection,  were  an  av- 
erage of  2.2  times  greater  than  dynamic  values. 


t 


7.  Using  a constant  E value  for  the  soil-lime 
mixture  and  a stress-dependent  subgrade  resil- 
ient modulus,  the  finite-element  theory  effec- 
tively predicted  the  dynamic  behavior  of  the 
test  pavements.  Plate  deflections  were  predic- 
ted more  accurately  than  the  surface  deflection 
basins. 

8.  Soil-lime  mixture  flexural  stresses  and 
strains  at  the  bottom  of  the  pavement  layers 
seemed  reasonable  and  compared  favorably 
with  static  flexural  data  when  the  finite  element 
theory  was  used  to  predict  the  pavement 
response. 

1).  Soil-li.no  pavement  systems  are  capable  of 
developing  substantial  ultimate  load-carrying 
capacities.  In  general,  approximately  78  percent 
of  the  ultimate  load-carrying  capacity  is  devel- 
oped at  a deflection  of  0.1  in.,  about  one-third 
of  the  deflection  noted  at  the  ultimate  load- 
carrying capacity. 

10.  Ultimate  load-carrying  capacity  was  af- 
fected by  soil-lime-layer  thickness  and  snbgrade 
support.  Larger  ultimate  load-carrying  capac- 
ities were  achieved  with  thicker  pavement 
layers  and  increased  snbgrade  support.  Mixture 
strength  was  not  a variable  considered  in  this 
study,  but  Meyerhof's  theory  indicates  that  the 
load-carrying  capacity  should  also  increase  with 
the  development  of  higher  flexural  strengths  in 
the  pavement  layer. 

1 1 . Meyerhof's  ultimate-load  theory  did  not 
accurately  predict  the  behavior  of  the  soil-lime 
pavements  tested.  The  theory  was  conservative 
and  the  measured  load-carrying  capacities  were 
at  least  twice  those  predicted  using  Meyerhof’s 
equations  for  interior  loading. 

12.  Qualitatively,  the  measured  ultimate 
load carrying  capacities  compared  favorably 
with  Meyerhof's  theory.  However,  the  theory 
underestimated  the  effect  of  subgrade  support 
and  overestimated  the  influence  of  pavement 
layer  thickness. 
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Figure  5.  Load-deflection  relationships  for  section  2 
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Figure  8.  Load-deflection  relationships  for  section 
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Figure  9.  Load-deflection  relationships  for  section  (> 
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Figure  10.  Load -deflection  relationship  for  section  1 (ultimate  load  test) 
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Figure  11.  Load-deflection  relationship  for  section  2 (ultimate  load  test) 
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Figure  19.  Influence  of  thickness  responses  for  stiff  siibgracle 
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Notes.' 


12  Inch  diameter  plate 
28  Day  curing 
X Westergaord 
Elastic  subgrade 
OESub,=  Psi 
AEsub,-  1 700 psi 
• E,..b'  = SOOOpsi 


880  psi 
1700  psi 
8000  psi 


MEASURED  DEFLECTION,  0 001  INCH 


Figure  21.  Prediction  of  surface  deflection 
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SU8GRADE  SURFACE  DEFLECTION,  INCHES  X lo'3 

Figure  28.  Experimental  and  theoretical 

subgrade  surface  deflections  for 
section  1 (28-day  cure). 


Figure  21).  Experimental  and  theoretical  sub- 
grade surface  deflections  for  section 
2 (28-day  cure). 
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Figure  30.  Experimental  and  theoretical  subgrade  surface  deflections  for 
section  1)  (28-da,v  cure). 
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Figure  31.  Experimental  and  theoretical  -sub- 
grade  surface  deflections  for  section 
4 '2  day  t'cTTw! 


Figure  32.  Experimental  and  theoretical  sub- 
grade surface  deflections  for  section 
4 (28-day  cure). 
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Figure  33.  Experimental  and  theoretical  subgrade  surface  deflections  for 
section  5 (2-day  cure) . 
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Figure  34.  Experimental  and  theoretical  subgrado  surface  deflections  for 
section  5 (14-day  cure). 
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Figure  35.  Experimental  and  theoretical  sub- 
grade surface  deflections  for  section 
5 (28-day  cure). 


Figure  36.  Experimental  and  theoretical  sub- 
grade surface  deflections  for  section 
(5  (28-day  cure). 
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Figure  37.  Flexural  moduli  from  static  and 
dynamic  testing. 
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Figure  38.  Dynamic  surface  deflection  piofile  for  section  2. 
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X Experimental  Data 
O Finite  Element  Theory 
Plate  Load  = 10,000  lbs 


Section  - 5 


Figure  41.  Dynamic  surface  deflection  profile  for  section  5 (10,000-lb 
plate  load). 


SUBGRADE  SURFACE  DEFLECTION, 0.001  INCHES 
(Dynamic  Loading) 


Figure  42.  Comparison  of  static  and  dynamic  subgrade  surface  deflection 


Note: 

12  inch  diameter  plate 

Loading  Rate  = 3k  /minute 
(£)  Subgrade  k = 50  psl/in, 

X Subgrade  k = 450  psl/in 


Ultimate  = 2 Predicted 


PREDICTED  ULTIMATE  LOAD-CARRYING  CAPACITY,  KIPS 
(Meyerhofs  Theory,  interior  Loading) 


Figure  43.  Comparison  of  predicted  ultimate  load-carrying  capacity  and  plate 
loading  data. 
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